Tension of the wound edges should be overcome with precise surgical planning, which is recognized as one of the major contributors to local complications by compromising circulation of the wound edges. In this article, it was aimed to present the clinical results of a surgical technique, in which the plastic straps and Kirschner wires are used for delayed primary closure of traumatic tension wounds. Depending on the assessment of the wound localization, wound dimension, and mobility of adjacent soft tissue, the technique was performed in 9 patients with a male to female ratio of 8:1. Gunshot injury was the leading cause (n ¼ 5), and in most cases, the wounds were located at the lower extremities (n ¼ 6). The mean time between performing the technique and closing the wound primarily and the mean hospitalization time were 4.8 + 1.1 and 13.5 + 3.9 days, respectively. In each case, wound closure and healing were achieved successfully without any serious complications. The presented technique provides advantages of using a low cost as well as a very simple equipment, improved and reliable stability during tightening process due to self-locking feature of the plastic straps, no donor site morbidity, short operating time with low rate of post-operative complications, and short hospitalization time. We recommend using this invaluable technique reliably for the treatment of traumatic tension wounds. However, further studies are needed for better evaluation of cosmetic and functional outcomes of the presented technique.
Introduction
During primary closure of a wound, tension, which is recognized as one of the major contributors to local complications by compromising circulation of the wound edges, should be overcome with precise surgical planning. For the treatment of wounds that cannot be closed primarily without tension and also not appropriate for secondary intention, skin grafting, local or distant flap procedures, or tissue expansion by using a tissue expander can be considered. However, in some instances, skin grafting is not feasible due to a poorly vascularized wound bed or due to an exposed bone, tendon, joint surface, major neurovascular structure, or a hardware. Furthermore, closure of large wounds of the lower extremities by local or distant flap procedures is a challenging issue due to limited flap alternatives, relatively poor vascular network, and possibility of traumainduced absence of recipient vessels or adjacent soft tissue. In selected cases, tissue expanders can be used, but its long duration and risk of exposure have to be taken into consideration.
Skin stretching-aided expansion can be considered as an alternative technique enabling tension-free primary closure of large wounds. The technique mainly takes advantages of viscoelastic properties of the skin, including mechanical creep and stress relaxation, which promote stretching capacity of the skin beyond its normal state, when a constant force is applied. 1, 2 Various techniques using Kirschner wires, 1,3-6 suture anchors, 2, 7 Steri-Strips, 8 plastic straps, 9 silastic vessel loops, 10 and specially designed devices [11] [12] [13] [14] [15] [16] were described for this purpose.
The aim of this study was to present our clinical results with respect to skin stretching-aided primary closure of traumatic tension wounds by the combined use of plastic straps and Kirschner wires. Furthermore, the technique of the procedure was discussed in detail with its advantages and potential limitations.
Materials and Methods
Nine cases with traumatic tension wounds of varying size, nature, and etiology were treated by a wound closure technique using the plastic straps and Kirschner wires. Deciding which wound would be suitable for the presented technique depended on the assessment of the wound localization, wound dimension, and mobility of adjacent tissue. 13 The technique was contraindicated in patients with wounds of the head and neck region and wounds crossing flexural creases. 6 
Pre-Operative Preparation and Operative Technique
Plastic straps were obtained from a local ironmonger for a charge of $USD2 for 50 pieces and had a dimension of 5 Â 200 mm (Figure 1) . Sterilization of the straps was done by ethylene oxide or hydrogen peroxide gas prior to the surgery. Autoclaving was avoided which may deform the plastic straps due to high temperature during the sterilization process.
Bedside or operating room debridement of necrotic tissue and treatment of infected wounds by systemic or topical agents were done aggressively to achieve a well-granulated wound bed without bacterial biofilm, which is suitable for surgical intervention. Negative pressure therapy was applied in high-drainage wounds and changed once every 2 or 3 days till the discharge became minimal and the wound appeared clean.
The operative technique was performed under spinal or general anaesthesia with strict sterile precautions and systemic antibiotic coverage. Following undermining the wound edges 20 to 30 mm by suprafascial dissection, 2 Kirschner wires with a thickness of 2 mm were inserted into the skin, apart from almost 10 to 20 mm from the wound edges. These were advanced throughout the entire cutis and subcutis, as parallel to the longitudinal axis of the wound and passed above the skin at regular intervals. Following insertion of the Kirschner wires along the wound edges, 2 pieces of plastic straps were looped around the opposing segments of the exposed Kirschner wires and tightened in a moderate tension that will not disturb the circulation of the wound edges. Subsequently, free ends of the wires were bended or covered by an empty drug vial in order to avoid penetrating skin injuries (Figure 2 and Supplemental Video 1).
Post-Operative Care
Starting from the first post-operative day, dressing was changed daily, and the straps were tightened as far as possible once a day or once every 2 days at the bedside, paying attention not to compromise the circulation of the wound edges. The frequency of the tightening process was determined according to the stretching capacity of the wound edges, which can be affected by oedema and oedema-induced tissue fibrosis. Symptoms of ischemia including pain, blanching, or slow capillary refill were determined as the predictors of overstretching and undue tension. If these were observed, the over-tightened straps were cut, and then new straps were reapplied at the bedside.
Anaesthesia or pain management were not required during all these processes in both pediatric and adult patients. Furthermore, no analgesics were administrated for not to mask the pain before the tightening process due to being an important indicator of overstretching.
On the first day following complete approximation of the wound edges, the patient underwent a second surgical intervention for primary closure of the wound under spinal or general anaesthesia. The reason for early timing of the surgery was to avoid prolonged tension-induced skin lacerations at entry and exit points of the Kirschner wires. Following freshening the wound edges by trimming, curettage of the granulation tissue, hemostasis, and insertion of several dermal stitches, plastic straps were cut, the Kirschner wires were removed, and skin suturing was performed in usual fashion ( Figure 3) . A suction drain was used, when necessary, and it was removed when a daily drainage of 20 mL or less was obtained. If the procedure was performed on the extremities, perfusion was closely monitored by physical examination and measuring transcutaneous oxygen saturation of digits at the initial period. Patients were discharged as soon as the wounds were healed, and all were followed regularly at outpatient clinical visits.
Analysis of Data
The mean and standard deviation of quantitative data were calculated using the Statistical Package for the Social Sciences (SPSS v.17.0.0; IBM, Chicago, Illinois).
Results
The presented technique was performed in 2 pediatric and 7 adult patients with a total of 9 wounds. The mean age of the patients was 28.4 + 14.7 years (range, 9-56) with a male to female ratio of 8:1. The wounds were secondary to trauma in all cases except one, in whom the technique was performed for closure of a leg fasciotomy that was performed due to compartment syndrome following vascular repair.
Gunshot injury was the leading cause (n ¼ 5), and in most cases, the wounds were located at the lower extremities (n ¼ 6). Systemic antibiotics were administered in 4 patients pre-operatively due to positive wound cultures. Tightening was performed once a day in 5 patients and once every 2 days in 4 patients with a mean of 3.1 + 0.9 tightening processes per patient (range: 2-5). The mean time between performing the technique and closing the wound primarily was 4.8 + 1.1 days (range: 3-6). Surgeries were performed under spinal anaesthesia in 4 patients and general anaesthesia in 5 patients. The mean hospitalization time and the mean follow-up of the patients were 13.5 + 3.9 days (range: 8-19) and 10.9 + 2.4 months (range: 6-14), respectively.
In each case, wound closure and healing were achieved successfully without complications of compartment syndrome, necrosis of wound edges, wound dehiscence, or severe pain. However, 1 patient developed post-operative wound infection that was treated by local care and skin lacerations at the entry and exit points of the Kirschner wires (Figure 4) . Furthermore, one showed hypertrophic scarring that did not affect the clinical outcome ( Figure 5) . Characteristics of the patients and wounds are listed in Table 1 .
Discussion
Kirschner wire is a stainless steel pin mainly used for fixation of fractured bony segments in orthopedic surgery. 17 Besides its common use in osteosynthesis, it can be used for prevention of warping of the rib grafts used for nasal reconstruction, 18 retracting tissues during endoscopic elevation of the muscle flaps, 19 closed reduction in fractured anterior wall of the frontal sinus, 20 fixation of the mandibular subcondylar fracture, 21 and harvesting split-thickness skin grafts from the anterior trunk. 22 Furthermore, various wound closure techniques have been described, in which the Kirschner wires are applied to the wound edges, and tissue expansion is achieved by gradual tightening of the surgical glove cuffs, 1 elastic bands, 3 or silver wires. 4 The main handicap encountered during the use of surgical glove cuffs is the difficulty of knotting under high tension that required for effective skin stretching. Besides that, knotted glove cuffs should be cut and then reapplied around each opposing segments of the Kirschner wires in each tightening process, which increases patient discomfort and analgesic requirements. Furthermore, during these processes, cutting the glove cuffs and leaving the wound edges at rest may result in loss of gained tissue expansion. Inability of maintaining applied tension at the adjusted level may be considered as another disadvantage of using the surgical glove cuffs, as well as using the elastic bands, due to flexible structure of these tools. In another technique described by Bashir, 4 the silver wires are only applied around the intersection of the Kirschner wires, referring to the midpoint of the wound length, which is not enough to apply an adequate and entirely distributed tension along the wound edges. Furthermore, applying total tension at a single point increases the risk of skin necrosis and lacerations. Possibility of breakage of the wires during twisting can be considered as another limitation of this technique. It should be noted that, in cases of breakage of the wires, it would not be possible to reapply the wires at the bedside without anaesthesia. Other than these personal techniques, a number of wound closure devices have been designed in the recent past, such as Sure-Closure (Life Medical Sciences, Princeton, New Jersey), 11 Wisebands (Wisebands Company, Misgav, Israel), 14 and TopClosure (IVT Medical, Ra'anana, Israel) 15,16 that cannot be used widespread in clinical practice due to high cost and low availability.
In a recent clinical study performed by Huahui et al, 16 41 patients with a total of 43 wounds were treated by the TopClosure system. The mean duration of the treatment cycle was reported as 16.72 days, which was significantly higher than the average of 4.8 days in our patients. Furthermore, it was observed that 5 patients had post-operative wound infections, 2 had wound dehiscence, and 1 had pressure ulcer from contact with the overlying device. In our opinion, inability of the TopClosure system to apply sufficient force for stretching the wound edges effectively increases the duration of time needed for close approximation of the wound edges, causes delay in closing the wound primarily, and therefore increases the risk of post-operative wound infections. Furthermore, as described by Huahui et al, 16 subcutaneous tissue cannot be approximated adequately and this results in subcutaneous gap formation and wound dehiscence following wound closure. In our opinion, it was due to inability of the TopClosure system to apply tangential forces to the deeper tissue adequately because of the positioning of the device just over the skin. Unlike the previously described wound closure techniques inserting the Kirschner wires just to the dermal plane, we applied the wires throughout the entire cutis and subcutis to overcome post-operative wound dehiscence by equally distributing the tangential forces to all layers of the wound. Additionally, Huahui et al 16 did not recommended using the TopClosure system on skin with oedema, inflammation, or infection. However, the authors did not explain the reason. It was possibly due to oedema and inflammation-induced increased fragility of the skin, which can result in breaking of the stitches that fixed the subassemblies of the TopClosure system to the skin.
Such disadvantages of abovementioned techniques encouraged us to use the Kirschner wire-assisted wound closure technique described by Molea et al 6 in the presented cases, which we expected to be a superior technique due to using plastic straps with a low cost and a self-locking feature.
The plastic strap is a rigid-structured tool consisted of a toothed strip and a 1-way ratcheting hole. It allows gradual tightening through its ratchet effect making it impossible to be released. 23 It is low cost, available in various thickness and length in the markets, and mainly used for packaging purposes. Furthermore, it has some medical uses, including ensuring presuturing effect 23 and generation of a tourniquet effect to the breast for de-epithelization of the breast pedicles during reduction mammoplasty. 24 In addition, Suliman and Aizaz have been used the plastic straps for closure of fasciotomy wounds by gradual skin stretching. 9 However, using the plastic straps alone is not enough to distribute the applied tension along entire wound edges. Therefore, the straps should be applied to the wound edges at more frequent intervals, which may result in increase in patient discomfort and wound complication frequency. Molea et al have successfully used the plastic straps in combination with the Kirschner wires for closure of clean elective wounds following resection of hypertrophic scars, port-wine stains, congenital nevi, and tattoos. 6 By combining the use of these tools, applied tangential forces were distributed along entire wound edges, and post-excision wounds were closed successfully by gradual tissue expansion. However, they considered open wounds as a contraindication for this technique. In our opinion, it was due to not intending to use any external device for not increasing the already high risk of infection in such wounds. In our study, we showed that the plastic straps and Kirschner wires could be used safely and effectively for chronic open wounds despite the fact that these are more difficult to expand than the post-excision elective wounds due to their characteristic features restricting tissue expansion. These are chronic oedema, fibrosis, and wound contraction. The only drawback of this technique that we experienced in 1 patient during the study period is the iatrogenic skin lacerations at the entry and exit points of the Kirschner wires due to prolonged skin tension. To avoid this potential complication, the wound should be checked closely during the post-operative period, and expansion should not exceed 5 or 6 days.
The small number of patients was a limitation of our study in terms of generalizing our preliminary observations. Large-scale further studies of patients with traumatic tension wounds are needed to confirm our preliminary investigations and to evaluate cosmetic and functional outcomes of the presented technique.
Conclusions
Advantages of the tissue expansion include appropriate color match, texture, sensibility, and substantial adnexa for aesthetic restoration of the resulting defect. 16 For this purpose, the combined use of plastic straps and Kirschner wires is an invaluable and reliable technique for tension-free closure of traumatic wounds, in which the primary closure is totally out of the question. The technique provides many advantages. These advantages are using a low cost and a very simple equipment, improved and reliable stability during tightening process due to self-locking feature of the plastic straps, no donor site morbidity due to avoiding skin grafting and flap procedures, short operating time with low rate of post-operative complications, and short hospitalization time. On the basis of our clinical experience, we recommend using this technique and believe that it is more convenient, effective, and reliable than the other wound closure techniques using the Kirschner wires or other instruments.
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